Background: Suicide is a public health concern for United States veterans and civilians. Prior research has shown neurobiological factors in suicide. However, studies of neuroimaging correlates of suicide risk have been limited. This study applied complex weighted network analyses to characterize the neural connectivity in white matter in veterans with suicide behavior. Methods: Twenty-eight veterans without suicide behavior (NS), 29 with a history of suicidal ideation only (SI), and 23 with prior suicide attempt (SA) completed diffusion tensor brain imaging, the Columbia Suicide Severity Rating Scale and Barratt Impulsiveness Scale (BIS). Structural connectivity networks among 82 parcellated brain regions were produced using whole-brain tractography. Global and nodal metrics of network topology have been calculated. Results: SA had shorter characteristic path length and greater global efficiency and mean weighted degree of global network metrics (p < 0.024). SA had more hub nodes than NS and SI. The left posterior cingulate cortex (PCC) showed significantly greater weighted degree in SA relative to others (p < 0.0003). Nonplanning subscale of BIS correlated with the weighted degrees of the left PCC within SA. In rich club connectivity, SA had higher local connections than others (p = 0.001). Conclusion: Veterans with prior suicide attempt had altered connectivity networks characteristics in the white matter. These findings may be distinctive neurobiological markers for individuals with suicide attempt. Strong connectivity in the left PCC may be implicated in impulsivity in veterans with suicide attempt.
Introduction
Suicide is a significant public health concern, especially for U.S. military personnel and veterans and has been identified as one of the leading causes of death in the U.S. military (Armed Forces Health Surveillance Center, 2014) . Moreover, the suicide rate among U.S. veterans reportedly increased between 2001 and 2014 and risk for suicide in veterans was 21% higher than in the US civilian adults, after considering the differences in age and gender (Office of Suicide Prevention, 2016). Rates of veterans who die by suicide have increased public attention to suicide and underscored the need for research to identify risk factors and to increase suicide prevention efforts in veterans and military personnel (Ramchand et al., 2011; Department of Veterans Affairs, 2013) . To date, various interventions ranging from individual to community level approaches are being scrutinized and employed for the prevention and treatment of suicide. However, a limited number of approaches in screening, prevention and treatment have been supported by empirical evidence in part due to the complexity in the psychopathology of suicide in the context of various psychiatric disorders including major depressive disorder (MDD), bipolar disorder, anxiety disorders, and substance-related disorders (Klonsky et al., 2016) .
A stress-diathesis model of suicide behavior proposed by Mann and his colleagues included stressors in the lifetime and vulnerability of individuals as its components (Mann et al., 1999) . In essence, when individuals with suicidal diathesis including genetic, epigenetic, and https://doi.org/10.1016/j.nicl.2018.04.021 Received 6 December 2017; Received in revised form 31 March 2018; Accepted 21 April 2018 other neurobiological vulnerabilities encountered distress caused by psychiatric disorders and adverse psychosocial events, he or she would be more likely to demonstrate suicide behaviors. Suicide behaviors are defined as self-directed injurious acts with at least some intent to end one's own life (Mann, 2003) . Notably, a majority of psychiatric patients do not exhibit suicide behaviors, while > 90% of individuals who die by suicide may be diagnosed as having any psychiatric disorders (Bertolote and Fleischmann, 2002; Nordentoft et al., 2011) . This observation was consistent with a crucial role of diathesis in the model of suicide behaviors. Moreover, it has been acknowledged that most individuals with suicidal ideation do not attempt suicide (Kessler et al., 1999; ten Have et al., 2009) . The critical need for differentiating suicide attempters from suicide ideators has been identified in research on suicide (Klonsky and May, 2014) and investigating the neurobiological diathesis for suicide behavior would address this need. In fact, several structural and functional brain imaging studies on subjects with suicide ideation or history of attempt have been conducted to identify neurobiological differences along the suicide diathesis (Cox Lippard et al., 2014; van Heeringen et al., 2011) .
A recent review article dealing with potential biomarkers from brain imaging for suicide attempt concluded that smaller gray matter volumes or cortical thinning mainly in prefrontal, temporal, and insular regions have been found in attempters relative to non-attempters and that there have been some inconsistent findings which included either increased or decreased white matter integrity in diffusion tensor imaging (DTI) (Sudol and Mann, 2017) . Functional magnetic resonance imaging (MRI) studies with attempters have reported that altered activation of frontal lobe was observed during the emotional processing, risk-reward assessment, and decision making. Although there have been some inconsistencies which might be related to the heterogeneity of comorbid psychiatric disorders or the small sample size inherent in the brain imaging studies, other meta-analyses of functional and structural neuroimaging studies for suicide behaviors suggest that prefrontal, cingulate, and striatal area could be involved with suicide behavior (van Heeringen et al., 2014) .
During the last decade, several Graph theoretical connectome studies from brain imaging data have been conducted in the field of neuroscience and have successfully detected the topological abnormalities of brain networks related to psychiatric disorders (Deco and Kringelbach, 2014; Xia and He, 2011) . For example, brain structural network abnormalities in default mode network (DMN) was found in the patients with MDD and decreased efficiency in children with posttraumatic stress disorder (PTSD) using DTI (Korgaonkar et al., 2014; Suo et al., 2017) . This method provides more detailed characteristic features of the brain as a network and may help us understand the pathophysiology of neurobehavioral disorders. Furthermore, the findings from the connectome could be utilized as a specific neurobiological marker for psychiatric disorders. However, to our knowledge, there have been only a few brain connectome studies investigating the neurobiology of suicide (Bijttebier et al., 2015; Myung et al., 2016) .
In this study, we have conducted a connectome analysis among veterans with a history of suicidal ideation only, history of suicide attempt, and no history of suicide behaviors using DTI, to identify distinct neurobiological diatheses in veterans with a history of suicide attempt. Network characteristics of Graph theory including global and local degrees, efficiency, and clustering coefficients have been investigated and compared among the groups. Those metrics represent connection strength (degree), functional integration (efficiency) and segregation (clustering coefficient). Brain regions (nodes) which are more densely connected could be categorized as "rich club" (van den Heuvel and Sporns, 2011) . Those rich club regions are more likely to have long distance connections and play a crucial role in the brain network. We also compared the connectivity among rich club and non-rich club regions in this study.
Methods

Subjects
Eighty-one subjects were recruited through print advertisements in the form of flyers as well as through word of mouth. Flyers were posted within the VA hospital, as well as many locations around the community, especially in areas focused on veteran services. The main inclusion criteria were that subjects be veterans between the ages of 18-55, male or female, not currently being treated as inpatients. Participants were excluded if they endorsed major sensorimotor handicaps (e.g., deafness, blindness, paralysis), had a history of claustrophobia, autism, schizophrenia, anorexia nervosa or bulimia, had a history of electroconvulsive therapy, were pregnant or lactating; an estimated IQ of < 80, had previous electroconvulsive therapy, had not remained stable on their psychotropic medications for at least 90 days or had metal implanted in their body. Participants were not selected or recruited on the basis of specific psychiatric diagnoses nor the presence of suicide ideation and attempt. This study group was a self-referred, representative sample of the veteran population in and around this location.
The institutional review boards of the local University and VA Hospital approved this study. One individual was eliminated from the analyses because he was unable to complete the scanning protocol. Of the veterans recruited, 52 (65%) met criteria for current or past history of suicide behaviors. Table 1 includes demographic, clinical and diagnostic information for veteran participants. Twenty-four of 78 subjects (Clinical information of one subject in suicide ideation group was missing) who completed in clinical history taking had no comorbid disorders. While 18 subjects had single comorbid disorder, 37 had more than one comorbid disorders. Cross sectional medication data collected at time of scanning was collected; however, 28 participants were unmedicated and the distribution of antidepressant medication and other medications for the SI and SA group resulted in small sample sizes with limited power, thereby preventing a meaningful comparison. Medication types included benzodiazapines (N = 2), prazosin (N = 7), gabapentin (N = 11), serotonin-specific reuptake inhibitors (SSRI) (N = 13) and other non-SSRI antidepressants (N = 12).
Clinical measures
All participants completed clinical measures designed to assess lifetime diagnosis and clinical state. The Structured Clinical Interview for DSM-IV Patient Version (SCID-I/P) (Spitzer et al., 1996) , a widely used structured diagnostic interview designed to assess Axis I disorders in psychiatric populations, was completed by a licensed clinician with experience in working with veterans.
Additional measures administered included the Hamilton Depression Rating Scale (HAM-D), the Barratt Impulsiveness Scale (BIS), which were the parts of Columbia Suicide Severity Rating Scale (C-SSRS). HAM-D is a clinician-based assessment designed to assess symptoms of depression. It includes symptoms such as depressed mood, guilty feelings, suicide, sleep disturbances, anxiety levels and weight loss (Hamilton, 1960) . BIS is a widely used self-report measure of impulsivity. The BIS-11 includes measures of attention, motor impulsivity, self-control, cognitive complexity, perseverance, and non-planning (Patton et al., 1995) . C-SSRS is a well-validated measure of suicidality include emergence of suicide behaviors/number of behaviors, emergence of ideation/ideation intensity and worsening of ideation, and lethality/severity (Posner et al., 2011) . Categorization of our study sample was based on responses to the C-SSRS such that participants were classified as Ideators (SI) if they reported current or history of wishing to be dead, thoughts of killing self, thoughts with methods and/ or intent, and thoughts with method and intent (i.e., ideation but no attempt(s)). They were classified as Attempters (SA) if they had a history of one or more suicide attempt(s), including aborted and interrupted attempts. The third group (no suicide behaviors group, NS) consisted of veterans who denied current or historical suicidal ideation or suicide attempts. In this study suicide ideation is defined as passive thoughts of suicide such as wishing to go to sleep and not wake up, active ideation with thoughts of wanting to end your own life, intent to act on the thoughts and a well thought-out plan. In addition to having suicidal thoughts, individuals in this group were required to have never made an attempt on their life. Current suicide ideation would include the thoughts described above and would need to have occurred during the previous month. Suicide attempt is defined as a past attempt at one's own life. Behaviors associated with suicide attempts include preparatory behavior for an attempt, an actual attempt, and an interrupted attempt or a self-aborted attempt. When the self-injury was not associated with an attempt to end one's life individuals with self-injury were not included in the SA group. The participants in the SA group did report suicide ideation as well.
MR image acquisition
All imaging was performed on a 3 T Siemens (Erlangen, Germany) Vario scanner. Structural imaging data were acquired using a high-resolution, high-contrast, T1-weighted 3D MPRAGE sequence acquired axially-acquired using a 12-channel head coil with TE/TR/ TI = 3.38 ms/2000 ms/1100 ms, 8°excitation flip angle, 256 × 256 acquisition matrix, 160 slices, and 1.0 mm isotropic resolution. Diffusion tensor imaging then was acquired using a DTI-MRI sequence utilizing 64 directions, 2 diffusion weightings: b = 0, 1000 s/mm 2 , TE/ TR = 89 ms/11,800 ms, 128 × 128 acquisition matrix, 72 slices, and 2.0 mm isotropic resolution. All subjects completed a structural MR scan that was read by a neuroradiologist to examine gross structural brain changes. Original images were then transferred from the scanner in the DICOM format and coded.
Image preprocessing and network construction
Cortical and subcortical structures were parcellated using Freesurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu/) with T1-weighted images (Fischl and Dale, 2000) . Region-of-interest (ROI) masks for 34 cortical and 7 subcortical structures in each hemisphere were generated based on Desikan atlas and the volumes of ROI were calculated (Desikan et al., 2006; Fischl et al., 2004) . Then, each ROI mask was transformed into the space of diffusion tensor images using the matrix generated by linear registration of T1 image onto FA image. These 82 ROIs were defined for network nodes in the further analysis. Cortical surface of each subject was transformed onto the template surface provided by Freesurfer and smoothed using 10 mm Gaussian kernel for the comparison.
Diffusion weighted images were processed for Eddy Current Correction and head motion realignment using FMRIB Software Library 5.0 (Jenkinson et al., 2012) . Vectors of diffusion gradient scheme were adjusted by the rotational matrix from head motion realignment. Diffusion tensor, FA, and whole brain tractography images were constructed by Diffusion Toolkit of TrackVis software using Fiber Assignment by Continuous Tracking (FACT) algorithm, with 45°of angle threshold and eight random seeds per voxel (http://trackvis.org/). The number of white matter fiber tracts in the whole brain tractography image between all pairs of 82 parcellated ROI masks were computed by UCLA multimodal connectivity package (http://ccn.ucla.edu/wiki/ index.php/UCLA_Multimodal_Connectivity_Package).
Fiber tracts shorter than 10 mm were disregarded since they may be spurious. The volume of tracts was calculated in each subject by taking the number of fibers and multiplying by fiber length in each connection as an anatomical network cost (van den Heuvel et al., 2012) .
The connectivity network for each subject consisted of 82 ROIs as nodes and the number of fiber tracts divided by averaged volume of interconnecting two nodes as edges. Edges were defined as having a minimum of 3 streamlines between interconnecting two nodes. Finally, weighted and undirected network of each subject was constructed for the topological measurements.
Network topology metric calculation
Global and nodal metrics of network topology properties including characteristic short path length (L), clustering coefficient (C), scalar small-worldness, efficiency, and weighted degrees (strength) of each node were calculated using GRETNA in the sparsity thresholded network ranging 0.06 to 0.03 with an interval of 0.01 (Wang et al., 2015) . Ranges of sparsity threshold were determined as follows: 1) from the threshold value in which the average number of connected edges of all nodes was larger than ln(82), and 2) to the value in which average nodal density (fraction of present connections to possible connections) reached the maximum level (Bullmore and Bassett, 2011; Watts and Strogatz, 1998) . Normalized L (λ) and C (γ) were also calculated using 1000 randomly generated network matrices in each subject. Within the sparsity threshold ranges, all thresholded networks had γ > 2.04 and 1.09 < λ < 1.26. As a result, small-worldness scalar σ (γ/λ) within threshold range (0.06-0.30) was > 1.75 in all subjects, which met the requirements for small-world network properties. Area-under-the-curve (AUC) of each global and nodal metrics within the ranges were calculated for the comparison among the groups. AUC metric has been shown to be sensitive in detecting the topological alterations in previous studies of the brain network (Uehara et al., 2014; Zhang et al., 2011) . Nodes with mean high weighted degree (> mean + standard deviation across 82 nodes within group) were defined as hub nodes (Bullmore and Sporns, 2009 ).
The rich club coefficient Φ(k) was calculated at the degree level k in each subject and the normalized Φ(k) was obtained by mean Φ(k) from 1000 randomly generated network matrices and dividing Φ(k) for each subject (van den Heuvel and Sporns, 2011). Rich club effect was defined by mean normalized Φ(k) within group > 1. At the maximum degree level of k in which rich club effect was found across the group, nodes with mean degrees within all subjects above k were selected as rich club nodes and others were defined as peripheral nodes. Then, rich club, feeder, and local connections were computed for mean connectivity between all the rich club nodes, between all the rich club and peripheral nodes, and between all the peripheral nodes, respectively.
Statistical analysis
Statistical analyses were performed with STATA software 12.1 (Stata Corporation, College Station, TX) and Matlab 2016 (Mathwork, Natick, MA). Fisher's exact test and one-way analysis of variance (ANOVA) with post hoc Bonferroni analysis were used for the comparison of categorical and continuous variables, respectively, in the demographic and clinical data among three groups. For the network metrics, One-way ANOVA was first used for the comparison among the groups and then, permutation test by 10,000 randomly re-grouped data was performed to estimate permutation corrected p value (Anderson, 2001) . For the nodal degree, efficiency, and betweenness centrality across 82 nodes, Bonferroni corrected p value (0.05/82 = 0.0006) was used for the significance level to correct the multiple comparisons issue. Correlation analysis was conducted using Pearson correlation between the continuous variables.
To explore the possible confounding effects of comorbidities and clinical measures, analysis of covariance (ANCOVA) was used for the comparison of continuous variable (characteristics of connectome) between SI and SA groups.
Results
There were no significant differences in mean age, years of education, sex, or handedness between groups (Table 1 ). There were significant differences in total and subscales of BIS and HAM-D ratings across the groups (One-way ANOVA, df = 2,75 (BIS) or 76 (others), F > 5.23, p < 0.008). In post hoc analyses, there were significant pairwise differences in HAMD between groups (NS < SI < SA, p < 0.002). The results indicated that SA had greater a Total BIS score and increased attentional, motor, and nonplanning subscales compared with NS (p < 0.009), but not compared with SI (p > 0.550).
There were no significantly different volumes in 82 parcellated regions among the groups (p > 0.07). However, SA had significantly smaller estimated total intracranial volume than NS (One-way ANOVA, df = 2,77, F = 3.93, p = 0.024; post hoc Bonferroni test, NS > SA), while volume of segmented brain showed no significant difference (One-way ANOVA, df = 2,77, F = 0.91, p = 0.407). Anatomical network cost (total volume of tracts in the network matrix) among the groups did not differ significantly (One-way ANOVA, df = 2,77, F = 0.71, p = 0.493).
In examining the global metrics, it was found that SA had significantly shorter characteristic path length (L) and greater global efficiency than SI (One-way ANOVA, df = 2,77, F > 4.07, p < 0.021; post hoc Bonferroni test, SI < SA) ( Table 2 ). There was also significantly greater mean weighted degree (connectivity strength) in SA than in SI (One-way ANOVA, df = 2,77, F = 3.90, p = 0.024; post hoc Bonferroni test, SI < SA). However, other global metrics including clustering coefficient, normalized L and C, and local efficiency were not significantly different among the groups (One-way ANOVA, df = 2,77, F < 2.61, p > 0.08). When L, global efficiency, and mean weighted degree were compared between SI and SA with controlling the comorbid PTSD, BIS, and HAMD respectively to exclude the possible confounding effects, we found L and mean weighted degree remained significant (p < 0.048, Tables S3, S4, and S5). There was significant difference in global efficiency between two groups when controlling comorbid PTSD and total BIS respectively (p < 0.38), but not when controlling HAM-D (p = 0.055, Tables S3, S4, and S5).
None of the 82 nodes showed significant differences in betweenness centrality and local efficiency when Bonferroni correction was applied (One-way ANOVA, df = 2,77, F < 6.56, p > 0.0023). In nodal weighted degree, left posterior cingulate cortex (PCC) in SA had significant greater degree than those in others (One-way ANOVA, df = 2,77, F = 9.14, p = 0.0003; post hoc Bonferroni test, NS < SA and SI < SA) ( Fig. 1) , while other nodes did not. When post hoc analyses were repeated with controlling comorbid PTSD, BIS, and HAM-D respectively, it did not show significance when it covaried by comorbid PTSD and HAM-D (p > 0.057, Tables S3 and S5), whereas it did with controlling total BIS (p = 0.035, Table S4 ). However, mean weighted degree in left PCC did not demonstrate a significant correlation with clinical rating scores within SI and SA. The number of hub nodes varied by group with 12 hubs in NS and SI, and 16 hubs in SA. Most of the hub nodes overlapped among the groups with the exception of left thalamus for SI and left and right temporal poles, left PCC, and left parahippocampal cortex found only in SA (Fig. 2) . The left precuneus belonged to hubs in NS and SA, but was not evident in SI.
Rich club effect was observed at k = 31 of degree level in all three groups. At the level of k = 31, the bilateral superior frontal, superior parietal, precuneus, and insular cortices comprised of cortical structures and bilateral putamen, thalamus, and hippocampus comprised of subcortical structures were identified as rich club nodes. The set of rich club nodes identified in the current study are similar to these reported in the previous DTI connectome study (van den Heuvel and Sporns, 2011) . Connectivity of local connection differed significantly among the groups (One-way ANOVA, df = 2,77, F = 7.52, p = 0.001; post hoc Bonferroni test, NS < SA and SI < SA), while rich club and feeder connections did not (One-way ANOVA, df = 2,77, F < 1.82, p < 0.17) (Fig. 3) . Connectivity of local connection remained significant between SI and SA when covaried by comorbid PTSD, total BIS, and HAM-D respectively (p < 0.001, Tables S3, S4, and S5).
In correlation analyses between network connectivity measures and clinical ratings, there was a significant correlation between nonplanning factors of BIS and weighted degrees of left PCC SA (r = 0.457, p = 0.029) (Fig. 4) .
Discussion
The current study has demonstrated unique characteristics in the brain tractography connectome of veterans with a history of suicide attempt. These include decreased characteristic short path length as well as increased global efficiency and mean weighted degree in attempters, relative to ideators. The imaging data also show increased connectivity in the left PCC and local connections of veterans with prior suicide attempt relative to those seen in veterans with suicide ideation only and those who reported no suicide behaviors. To the best of our knowledge, this is the first study in veterans reporting the network properties of the brain as a neurobiological diathesis of suicide attempters compared to both suicide ideators and non-suicidal subjects.
Since global efficiency was inversely related to the path length between nodes, shorter path length (L) and greater global efficiency may share a common network characteristic. Global efficiency in the brain network is defined as "a measure of the overall capacity for parallel information transfer and integrated processing (Bullmore and Sporns, 2012) ." Increased efficiency of the brain network is supposed to be relevant to increased FA of white matter as reported in previous publications with suicide attempters (Kim et al., 2015; Lee et al., 2016; Lopez-Larson et al., 2013) . Local connections in rich club organization which were also found to be increased in suicide attempters, have been described as composed of more short-range fibers than the rich club and feeder connections (van den Heuvel et al., 2012) . Short-range fibers may serve as local associative fibers (U-shaped), such as cortico-cortical tracts (Catani et al., 2012) , which could provide shortcuts in the connections between adjacent nodes. Therefore, increased local connections in suicide attempters may contribute to increased global efficiency and connectivity strength. However, it is less likely to have association of enhanced brain structural characteristics with psychopathology or psychiatric conditions. Regarding increased global efficiency in this DTI connectome study, to our knowledge, a similar finding has been found in only one DTI connectome study and that is with heroin-dependent patients (Zhang et al., 2016a (Zhang et al., , 2016b . In another functional connectome study, increased global efficiency was observed in subjects with antisocial personality disorder (Jiang et al., 2017) . As suicide attempt, drug addiction, and antisocial personality share impulsivity as a common psychopathology, it suggests a possible relationship between global efficiency and BIS in this study, but it failed to show the association.
On the other hand, increased mean weighted degrees (connectivity strength) and increased global efficiency identified in the brains of suicide attempters could suggest their brain network may have an increased "wiring cost" (anatomical network cost) of Graph's network. Wiring cost in brain connectome means the burden for the building and maintaining the white matter tracts and the volume of white matter tracts in the matrix was calculated in this study (Bullmore and Sporns, 2012) . However, topology of brain network might be balanced between higher efficiency and minimization of wiring cost, and higher global efficiency usually accompanies greater wiring cost. In this study, SA showed higher global efficiency without increased wiring cost. It was supposed for SA to have smaller intracranial volume which may be related to shorter physical tract length and it may lead to the conservation of the wiring cost. Besides, additional post hoc analysis suggested that increased global efficiency in SA relative to SI may be affected by their depressive symptoms. In this regard, it could not conclude the neurobiological relationship between suicide attempt and global efficiency and may suggest that the further study with larger sample to investigate if the suicide attempters may have a high-efficiency and high-cost topological network of Graph theory in white matter connectivity is warranted.
From a neurodevelopmental perspective, changes of intracranial volume, global efficiency, and connectivity in the local connections of rich club organization from the brain DTI connectome are likely to occur in the brain over the late gestation period and earlier ages of lifetime (Ball et al., 2014; Koenis et al., 2015; Pfefferbaum et al., 1994) . Thus, altered findings of those metrics in subjects with suicide attempts in our study suggest that they may be associated with the changes in brain maturation from intrauterine period to young adults. For example, the preterm birth may increase local connections of rich club organization in the premature newborn human brain (Ball et al., 2014) and preterm birth is a significant risk factor for various psychiatric conditions including suicide (D'Onofrio et al., 2013) . Taken together, we may speculate that white matter connectivity changes in preterm birth may predict the suicide behavior in the adulthood.
Hub nodes, which were found only in suicide attempters, belonged mostly to the regions known as DMN. The DMN is activated during passive resting state and internally-oriented mental processes, and also play roles in autobiographic memory, self-referential processing, and future thinking (Andrews-Hanna et al., 2010; Buckner et al., 2008) . In a recent meta-analysis, increased functional connectivity between DMN and subgenual prefrontal cortex was found reliably in the subjects with MDD and it was often related to depressive rumination (Hamilton et al., 2015) . Distorted self-referential thinking, which is mediated by cortical medial structures (Northoff and Bermpohl, 2004) , is likely to be associated with MDD, PTSD, and other anxiety disorders (Batelaan et al., 2010; Evans et al., 2005; Henning et al., 2007; Kashdan et al., 2010) . Furthermore, negative self-concept has been found to be linked to suicide (Bhar et al., 2008; Cox et al., 2004; Santos et al., 2009 ). The PCC is a key structure of the DMN (Buckner et al., 2008) and has abundant connections with other brain regions as well as a high basal metabolism (Hagmann et al., 2008; Raichle et al., 2001) .
Structural and functional alterations of PCC in various psychiatric disorders have been published (Leech and Sharp, 2014) . A well-established function of PCC is involvement in autobiographical memory retrieval (Maddock et al., 2001) . Overgeneralization of autobiographic memory has been observed in subjects with suicide attempt and has been reported to be one of the cognitive characteristics of MDD patients 3 . Comparisons of the rich club, feeder, and local connections among the groups. Local connection shows significant differences among the groups (oneway analysis of variance, df = 77,2, F = 7.52, p = 0.001, post hoc *p = 0.031, **p = 0.001). Fig. 4 . Significant correlation between weighted degree of left posterior cingulate cortex and nonplanning subscale of Barratt Impulsiveness Scale within the suicide attempt group (N = 23, r = 0.457, p = 0.029). (Pollock and Williams, 2001; Williams et al., 2007) . In addition, preference for immediate reward has been associated with the activation of PCC area in fMRI studies (Albrecht et al., 2013; McClure et al., 2004) . The PCC therefore appears to have a role in immediate gratification of reward. Considering the association between the preference of immediate reward and nonplanning subscale of BIS (De Wit et al., 2007) , the preference of immediate reward in the suicide attempt group may mediate the positive correlation between nonplanning subscale and weighted degree of left PCC in this study. Therefore, impulsivity observed in suicide attempters may be associated with the hyperconnected state of left PCC.
Overall, it has been proposed that the DMN including PCC may play an important role in suicide behavior (Serafini et al., 2016) . However, DMN has been scarcely reported in brain imaging studies with suicide attempters. Two studies with functional MRI have reported in the subjects with suicide attempt or ideation. One study with young depressed patients reported increased activity of the DMN in depressed patients, but decreased activity in suicide attempters using resting state functional MRI (Zhang et al., 2016a (Zhang et al., , 2016b . In the other study, abnormal functional connectivity in PCC area was observed in suicide ideators with mixed composition of the subjects with or without a history of suicide attempt compared to healthy controls group (Chase et al., 2017) . Role of the DMN in suicide attempt can be considered in relation with the structural abnormalities of orbitofrontal cortex in suicide attempters. Altered structure in left rectal gyrus, a part of orbitofrontal cortex has been found in suicide attempters from a metaanalysis (van Heeringen et al., 2014) . Since orbitofrontal cortex has connection with PCC in DMN, this finding could provide evidence for potential involvement of PCC of DMN in suicide attempt.
One thing which should be considered in this study was that the significance of connectivity of left PCC in SA relative to in SI was mitigated when the analyses controlled for the presence of comorbid PTSD and clinical mood state (HAM-D) respectively. Since it has been proposed the DMN including PCC may be involved with MDD and PTSD (Evans et al., 2005; Kashdan et al., 2010) , the connectivity differences of left PCC in SA may stem from other clinical conditions. Further studies with a range of populations who experience suicide behaviors will be necessary to clarify the potential roles of co-morbid disorders in the alterations of the DMN, including PCC, in individuals with suicide attempts.
In previous studies reporting DTI network connectivity in subjects with suicide attempt or suicide ideation, it has been shown that there was decreased connectivity strength between left olfactory cortex and anterior cingulate gyrus in euthymic suicide attempters and decreased frontal-subcortical connectivity in MDD subjects with suicide ideation (Bijttebier et al., 2015; Myung et al., 2016) . However, the former did not report the topological global and nodal network metrics and the suicide attempt population was not included in the study design in the latter. In addition, the divergent findings from our study may be attributed to the difference in characteristics of study populations and methodology.
The current results raise the intriguing question as to whether the current characteristics of the DTI brain connectome could be a state or trait for suicide behavior. Since the current study was a cross-sectional design, temporal and causal relationships between suicide behaviors and the findings cannot be drawn. Even after the completion of brain development, the anatomical connectivity of the brain could not only change over a long time (more than years), but also change with relatively short training and rehabilitation (Bosnell et al., 2008; Giorgio et al., 2010; Scholz et al., 2009 ). Longitudinal study design will be necessary to clarify at what point the brain connectome changes emerge.
There are a few limitations in the current study that should be considered when interpreting the results. The current findings may be cautiously generalized to the general population since these findings are based on a study with veterans. Many veterans experience traumatic brain injuries during their service and it has been reported that traumatic brain injury may influence white matter tracts (Lopez-Larson et al., 2013) . However, the impact of subconcussive episodes or traumatic brain injury has not been considered in the current study. Some of the white matter alterations identified in association with suicide attempts may be the result of comorbid psychiatric disorders such as PTSD and depressive symptoms. It is also possible that white matter changes are related to head injury however the current study is not powered to examine these contributions. Larger studies with well characterized participants are needed to determine the relationship between DTI changes related to TBI and suicide. However, topological properties of the brain network in PTSD patients do not seem similar to those observed in suicide attempters (Long et al., 2013) . Furthermore, the impact of medications that the subjects received has not been considered. Although the potential influence of medications on DTI has been inconclusive, there are some publications that report on the effects of mood stabilizers, antipsychotics, and antidepressants on brain FA values (Minami et al., 2003; Versace et al., 2008; Yoo et al., 2007) . However, regions with FA changes under medication were mostly prefrontal area and FA could be either increased or decreased by medications in those studies.
Conclusion
In summary, this brain connectome study demonstrated the ability to detect the subtle neurobiological difference between suicidal ideators, attempters, and non-suicidal controls. Increased efficiency contributed by enhanced cortico-cortical connections and connectivity of DMN-related regions may be pathognomonic findings for suicide attempters and may represent a biological vulnerability in individuals with suicide behavior. The current study suggests potential neuroimaging markers for suicide behavior and provides a provisional basis of therapeutic targets, which should be investigated in the future studies.
